Comprehensively profiling the chromatin architecture of tissue restricted antigen expression in thymic epithelial cells over development by Handel, Adam E. et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comprehensively profiling the chromatin architecture of tissue
restricted antigen expression in thymic epithelial cells over
development
Citation for published version:
Handel, AE, Shakama-Dorn, N, Zhanybekova, S, Maio, S, Graedel, AN, Zuklys, S, Ponting, C & Hollander,
GA 2018, 'Comprehensively profiling the chromatin architecture of tissue restricted antigen expression in
thymic epithelial cells over development', Frontiers in Immunology.
https://doi.org/10.3389/fimmu.2018.02120
Digital Object Identifier (DOI):
https://doi.org/10.3389/fimmu.2018.02120
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Peer reviewed version
Published In:
Frontiers in Immunology
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 11. May. 2020
  
 
Comprehensively profiling the
chromatin architecture of tissue
restricted antigen expression in thymic
epithelial cells over development
 
Adam E. Handel1, 2*, Noriko Shakama-Dorn3, Saule Zhanybekova3, Stefano Maio1, Annina N.
Graedel1, Saulius Žuklys3, Chris P. Ponting4, Georg A. Hollander3, 1*
 
1Department of Paediatrics, University of Oxford, United Kingdom, 2Nuffield Department of Clinical
Neurosciences, University of Oxford, United Kingdom, 3Department of Biomedicine, Universität Basel,
Switzerland, 4MRC Human Genetics Unit, University of Edinburgh, United Kingdom
 Submitted to Journal:
 Frontiers in Immunology
 Specialty Section:
 Immunological Tolerance and Regulation
 Article type:
 Original Research Article
 Manuscript ID:
 404352
 Received on:
 02 Jun 2018
 Revised on:
 17 Aug 2018
 Frontiers website link:
 www.frontiersin.org
In r v
ew
  
 Conflict of interest statement
 The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest
  
 Author contribution statement
 
AEH, NS-D, SZ, SM and GAH designed the experiments. NS-D, SZ and SM performed the experiments. AEH analysed the data. AEH,
CPP and GAH wrote the manuscript. All authors critically revised the manuscript.
  
 Keywords
 
Chromatin Immunoprecipitation, Histone Modifications, thymic epithelial cells, AIRE, tissue restricted antigen
  
 Abstract
Word count: 200
 
Thymic epithelial cells (TEC) effect crucial roles in thymopoiesis including the control of negative thymocyte selection. This process
depends on their capacity to express promiscuously genes encoding tissue-restricted antigens. This competence is accomplished in
medullary TEC (mTEC) in part by the presence of the transcriptional facilitator AutoImmune REgulator, AIRE. AIRE-regulated gene
transcription is marked by repressive chromatin modifications, including H3K27me3.  When during TEC development these
chromatin marks are established, however, remains unclear. Here we use a comprehensive ChIP-seq dataset of multiple chromatin
modifications in different TEC subtypes to demonstrate that the chromatin landscape is established early in TEC differentiation.
Much of the chromatin architecture found in mature mTEC was found to be present already over earlier stages of mTEC lineage
differentiation as well as in non-TEC tissues. This was reflected by the fact that a machine learning approach accurately classified
genes as AIRE-induced or AIRE-independent both in immature and mature mTEC. Moreover, analysis of TEC specific enhancer
elements identified candidate transcription factors likely to be important in mTEC development and function. Our findings indicate
that the mature mTEC chromatin landscape is laid down early in mTEC differentiation, and that AIRE is not required for large-scale
re-patterning of chromatin in mTEC.
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 6 
Abstract 7 
Thymic epithelial cells (TEC) effect crucial roles in thymopoiesis including the control of negative 8 
thymocyte selection. This process depends on their capacity to express promiscuously genes 9 
encoding tissue-restricted antigens. This competence is accomplished in medullary TEC (mTEC) in 10 
part by the presence of the transcriptional facilitator AutoImmune REgulator, AIRE. AIRE-regulated 11 
gene transcription is marked by repressive chromatin modifications, including H3K27me3.  When 12 
during TEC development these chromatin marks are established, however, remains unclear. Here we 13 
use a comprehensive ChIP-seq dataset of multiple chromatin modifications in different TEC subtypes 14 
to demonstrate that the chromatin landscape is established early in TEC differentiation. Much of the 15 
chromatin architecture found in mature mTEC was found to be present already over earlier stages of 16 
mTEC lineage differentiation as well as in non-TEC tissues. This was reflected by the fact that a 17 
machine learning approach accurately classified genes as AIRE-induced or AIRE-independent both in 18 
immature and mature mTEC. Moreover, analysis of TEC specific enhancer elements identified 19 
candidate transcription factors likely to be important in mTEC development and function. Our 20 
findings indicate that the mature mTEC chromatin landscape is laid down early in mTEC 21 
differentiation, and that AIRE is not required for large-scale re-patterning of chromatin in mTEC.  22 
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Introduction 23 
Epithelial cells constitute the major stromal component of the thymus (1). These cells (designated 24 
thymic epithelial cells, TEC) form functionally and morphologically distinct anatomical regions, 25 
namely the outer cortex within which the early stages of T-cell development take place, and the 26 
inner medulla where the later stages of thymic T cell differentiation occur. One major 27 
developmental process in medullary TEC is progression from immature mTEC (marked by a lower cell 28 
surface expression of MHC class II molecules, and hence referred to as mTEClo) to mature mTEC 29 
(phenotypically identified by high MHC class II expression, designated mTEChi). TEC are critical for 30 
attracting blood-borne hematopoietic precursor cells and controlling their differentiation and 31 
selection to mature, functionally competent T cells via the sequential processes of positive and 32 
negative thymocyte selection (2). A key aspect of this selection process is the requirement for TEC as 33 
a population to express transcripts from virtually all protein-coding genes (3). This phenomenon is 34 
known as promiscuous gene expression (PGE) and requires the expression of the Autoimmune 35 
Regulator (Aire) gene, amongst others, to ensure transcription of around 4,000 tissue restricted 36 
antigens (TRA) within mTEC (3,4). Mutations in AIRE result in the development of multi-system 37 
autoimmune disease in humans (5). Recently other genes, including Fezf2, Prdm1 and Brg1, have 38 
also been identified to regulate PGE (6–8). 39 
The mechanism by which AIRE controls the expression of tissue specific genes is incompletely 40 
understood. The region around the transcriptional start site (TSS) of AIRE-regulated genes are more 41 
frequently marked by the repressive chromatin modification trimethylation of lysine-27 of histone 42 
H3 (H3K27me3) and less frequently by the promoter-associated H3K4me3 (3). When TEC are 43 
enriched for specific surface-expressed antigens, chromatin accessibility is greater around the TSS of 44 
those antigens than other genes (9). Patterns of tissue specific gene expression are known to occur 45 
independent of changes in DNA methylation (10). AIRE dynamically remodels chromatin to reduce 46 
chromatin accessibility and to tune the level of promiscuous gene expression across tissue specific 47 
genes (8). 48 
The extent to which chromatin modifications in mTEClo and mTEChi determine AIRE regulatory status 49 
of tissue specific genes is poorly understood. In this study we demonstrate that much of the 50 
chromatin architecture observed in mTEChi is already present in mTEClo and construct computational 51 
models, based on the chromatin architecture around tissue specific genes, which accurately predict 52 
a gene’s likelihood to be regulated by AIRE. 53 
  54 
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Methods and materials 55 
Mice 56 
C57BL/6 mice were obtained from Janvier (St Berthevin, France). Mice were maintained under 57 
specific pathogen-free conditions. Experiments were in accordance with Swiss federal, cantonal and 58 
institutional regulations.  59 
 60 
Isolation and sorting of thymic epithelial cells 61 
Fragmented thymi were digested repeatedly for 15-20 min at 37 °C with 1 unit/ml Liberase TM 62 
(Roche Diagnostic) and 100µg/ml DNaseI (Roche Diagnostic) in PBS, to obtain single cell suspensions. 63 
After the final digest, cells were pooled and labelled with biotinylated anti-EpCAM for positive 64 
enrichment by AutoMACS system (Miltenyi Biotec), and stained using the following directly labelled 65 
antibodies and reagents: FITC-anti-IAb (clone AF6-120.1, BioLegend), PE-anti-Ly51 (clone 6C3, 66 
BioLegend), Alexa700-anti-CD45 (clone 30-F11, BioLegend), biotinylated anti-EpCAM (clone G8.8, 67 
DSHB, University of Iowa), PECy7-anti-Sca-1 (clone E13-161.7, Biolegend), Streptavidin-labelled 68 
PerCP-Cy5.5 (BioLegend) and Cy5-UEA1 (Vector Laboratories). The cells were exposed to 4’, 6-69 
diamidino-2-phenylindole (DAPI) to identify dead cells and then sorted by flow cytometry (FACSAira 70 
II, BD Biosciences) achieving a TEC purity of over 93%. Sorted TEC were pelleted and cross-linked for 71 
ChIP and kept at -80 °C until use.  72 
 73 
ChIP for histone markers 74 
Chromatin immunoprecipitation (ChIP) was performed as previously described (ref. (3)) using 75 
Protein A or G magnetic beads (Dynabeads, Life Technologies) to capture antibody-chromatin 76 
complexes. Antibodies used were anti-H3K4me1 (ab8895, Abcam), anti-H3K4me3 (C15410003, 77 
Diagenode), anti-H3K4ac (07-539, millipore), anti-H3K9ac (ab4441, Abcam), anti-H3K9me3 (05-1242, 78 
millipore), H3K27ac (ab4729, Abcam), and anti-H3K27me3 (07-449, millipore). 79 
 80 
Histone ChIP-seq analysis 81 
We used FastQC to assess read quality and Trimmomatic to remove adapter sequences (transposons 82 
or their reverse complement), trim the first and last 3 bases of each read based on sequencing 83 
quality, trim sequences based on a sliding window (4:15), and retain reads with a minimum length of 84 
20 bases (11). BWA (version 0.7.12) was used for pre-alignment of 100 base-pair paired-end reads 85 
against the UCSC mm10 genome with the arguments “bwa aln -t8 -q10 <forward/reverse reads>” 86 
and “bwa sampe <forward sai> <reverse sai>” (12). Pre-aligned bam files were further aligned with 87 
Stampy (version 1.0.23) with the arguments “-t 8 --process-part=n/10 --bamkeepgoodreads” (13). 88 
Reads were filtered to obtain concordantly mapping read pairs with a MAPQ score > 10. Picard Tools 89 
was used to remove duplicate fragments. Peaks for narrow peak marks (H3K4me1, H3K4ac, H3K9ac 90 
and H3K27ac) were called using MACS2 (version 2.0.10.20131028) with the arguments “--keep-dup 91 
all” using pooled input samples as a control (14). Peaks were called for broad marks (H3K9me3 and 92 
H3K27me3) using MACS2 with the arguments “--keep-dup all --broad”. Peaks were filtered against 93 
the ENCODE mm10 blacklist (15,16). Enrichment of ChIP-seq peaks within genes +/- 5kb intervals 94 
was assessed using Genomic Association Tester (GAT) with 10,000 randomisations, using the 95 
appropriate sets of gene intervals as a workspace (17). Irreproducibility discovery rate were 96 
estimated for peaks as detailed in refs. (18,19) using a threshold of IDR < 0.01. Pooled ChIP/input 97 
ratios were estimated for genes using the maximum signal within 1kb of the TSS across all 98 
transcripts. Differential ChIP-seq peaks were identified using DiffBind (DBA_DESEQ2) with the 99 
default cut-off of FDR < 0.1 (20). Neural network modelled was undertaking using the package 100 
neuralnet in R. The optimum number of hidden nodes was estimated using iterative testing of fewer 101 
than 80% of the number of input nodes. A threshold of 0.01 improvement between iterations was 102 
used for neural network training on 67% of the total number of genes. The output threshold for 103 
gene categorisation was chosen empirically based on the training set. The accuracy of the neural 104 
network was based on the correct categorisation of the remaining 33% of genes. Null accuracy was 105 
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defined as the accuracy of classification simply from resampling the test set categories. Contribution 106 
of different inputs to the neural network output was estimated using Olden’s method, which 107 
estimates the contribution of each input variable to the neural network by summing the products of 108 
all hidden weights for each input and scaling this across all input variables (21). 109 
 110 
ATAC-seq 111 
One replicate of ~10,000 wild-type cTEC, and two replicates each of ~25,000 mTEClo and mTEChi 112 
sorted in the same manner as described above underwent lysis, tagmentation and PCR amplification 113 
as described in the ATAC-seq protocol (22). ATAC-seq libraries were sequenced on an Illumina HiSeq 114 
2500. 115 
 116 
ATAC-seq analysis 117 
We used FastQC to assess read quality and Trimmomatic to remove contaminating sequences 118 
(transpons or their reverse complements), crop the first and last 3 bases of each read based on 119 
sequencing quality, and remove the 3’ 10 bases of each read to remove partial transposon 120 
sequences (11). We used Bowtie2 (version 2.2.3) to align 100 base-pair paired-end reads against the 121 
UCSC mm10 genome with the arguments “--no-mixed --no-discordant -X 2000” as in a previous 122 
study (23). Reads were filtered to obtain concordantly mapping read pairs with a MAPQ score > 10. 123 
Picard Tools was used to remove duplicate fragments. The position of reads were passed into 124 
BEDtools and remapped taking into account transposon sequence insertion bias (24). Peaks were 125 
called using MACS2 (version 2.0.10.20131028) with the arguments “--nomodel --nolambda --keep-126 
dup all --call-summits” as in a previous study (14,25). Peaks were filtered against the ENCODE mm10 127 
blacklist and a set of mitochondrial pseudopeaks generated from 1,000,000 in silico 100 single-end 128 
reads produced from mitochondrial DNA aligned against non-mitochondrial DNA (15,16). 129 
 130 
Single cell RNA-seq 131 
mTEChi were isolated as detailed above and sorted into SMART-seq2 lysis buffer containing RNase 132 
inhibitors (26). Wells were spiked with 0.1l of 1:250,000 ERCC92 spike-in mix 1 (Ambion). Libraries 133 
were generated using the SMART-seq2 protocol and indexed using Nextera adapters before being 134 
sequenced on an Illumina HiSeq2500 platform. 135 
 136 
Single cell RNA-seq analysis 137 
We used FastQC to assess read quality and Trimmomatic to remove contaminating sequences from 138 
reads then aligned these to the mm10 genome plus ERCC92 spike-ins using HISAT (version 0.1.6) 2-139 
pass alignment (27). Gene quantitation was undertaken using HTSeq (with the option intersection 140 
non-empty) (28). Outlier cells were identified using robust PCA on alignment proportion, ERCC spike-141 
in proportion, number of detectable genes, proportion of reads mapping to protein-coding genes, 142 
proportion of mitochondrial transcripts, proportion of ribosomal transcripts, 3’ to 5’ coverage bias, 143 
transcriptomic variance, cell-to-mean correlation, the proportion of the library accounted for by the 144 
top 500 transcripts and GC content (29). Counts were adjusted for library size using DESeq (30). 145 
FPKM values were converted to estimates of absolute molecule abundance using linear regression 146 
on ERCC92 spike-in expression. Matching of genes for AIRE status was undertaken by randomly 147 
matching AIRE induced genes with a tissue specific gene either similarly expressed in no cells or 148 
expressed in a very similar proportion of cells (within detection in one cell, i.e. ± 0.6%). Genes for 149 
which there were no viable matches were discarded. 150 
 151 
Tissue specificity 152 
The tissue specificity of genes was estimated using tau on the RNA-seq data available from the 153 
mouse ENCODE project (31,32).    is the gene expression in tissue   where   is the number of 154 
tissues. 155 
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Data accessions 157 
TEC histone ChIP-seq data has been deposited in GSE114713. mTEChi AIRE ChIP-seq data was 158 
downloaded from GSE92597. Additional RNA-seq and histone ChIP-seq data was obtained from the 159 
mouse ENCODE project (31,32). 160 
 161 
  162 
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Results 163 
Chromatin around AIRE-regulated genes is enriched for repressive marks and depleted in active 164 
marks 165 
We generated replicated histone ChIP-seq data sets for distinct TEC subsets specific to each of 166 
multiple histone modifications (Supplementary Table 1). As expected, these samples clustered 167 
primarily by histone modification into repressive or activating marks on cross-correlation and 168 
principal component analysis (Figure 1). This comprehensive set of chromatin modifications allowed 169 
us to expand the number of chromatin modifications available for study around the TSS of genes 170 
regulated by AIRE in mTEChi and mTEClo. 171 
 172 
[Figure 1 around here] 173 
 174 
Genes were designated: as AIRE-dependent, if their transcripts were undetected in the absence of 175 
Aire expression; as AIRE-enhanced, if their expression was significantly increased greater than 2-fold 176 
in the presence of AIRE relative to AIRE-negative mTEC; and, as AIRE-independent, if the presence of 177 
AIRE did not significantly change their expression in mTEChi, a category which includes house-178 
keeping genes. AIRE-independent genes were further divided into those with tissue restricted 179 
expression (TRAs) and those without tissue restricted expression (3). As previously reported by 180 
Sansom et al., AIRE dependent and enhanced genes showed elevated levels of the repressive 181 
chromatin modification, H3K27me3, around their TSS relative to AIRE-independent genes in mTEChi, 182 
with the converse effect seen for the promoter-associated chromatin modification, H3K4me3 183 
(Figure 2) (3). We further observed an elevation in a second repressive chromatin mark, H3K9me3, 184 
which was particularly pronounced around the TSS of AIRE-dependent genes. Enhancer-associated 185 
chromatin modifications, H3K4ac and H3K9ac, were reduced around the TSS of AIRE dependent and 186 
AIRE-enhanced genes relative to AIRE-independent genes. The distribution of H3K4me1 was altered 187 
around the TSS of both AIRE-dependent and -enhanced genes, with higher levels observed proximal 188 
to the TSS, whereas in AIRE independent genes H3K4me1 was marginalised to beyond 1kb from the 189 
TSS. This pattern may suggest an ongoing process of H3K4me3 demethylation. 190 
 191 
[Figure 2 around here] 192 
 193 
Chromatin patterns in mTEChi and mTEClo are similar 194 
A key question in TEC promiscuous gene expression concerns the time point during mTEC lineage 195 
development when low levels of H3K4me3 and high levels of H3K27me3 marks are established, each 196 
a characteristic of AIRE regulated genes. We hypothesised that the higher proportional expression of 197 
TRAs observed in mTEChi than mTEClo would reflect differences in the underlying chromatin 198 
architecture between these mTEC subsets. Surprisingly, the overall pattern of chromatin 199 
modifications in mTEClo around AIRE-dependent, AIRE-enhanced or AIRE-independent genes was 200 
very similar to that observed in mTEChi (Figure 3). Despite this, it is possible that the magnitude of 201 
ChIP-seq peaks around AIRE-induced or AIRE-independent genes may differ between mTEClo and 202 
mTEChi. In order to investigate this possibility, we identified differential histone ChIP-seq peaks 203 
between mTEClo and mTEChi using DiffBind (20). Enrichment of these mTEC subset-specific chromatin 204 
marks within the gene body and the flanking 5kb of AIRE-induced or AIRE-independent genes was 205 
similar between mTEClo and mTEChi both for all genes and when restricting this analysis to tissue 206 
specific genes only (tissue specificity tau ≥ 0.8; Supplementary Figure 1). When we applied the same 207 
approach to high confidence histone ChIP-seq peaks (irreproducibility discovery rate [IDR] < 0.01) we 208 
again observed similar chromatin patterns in mTEClo and mTEChi (Supplementary Figures 2 & 3). 209 
However, although the direction of ChIP-seq signal was similar between mTEClo and mTEChi, active 210 
chromatin marks with significantly higher ChIP-seq signal in mTEChi showed a more extensive 211 
depletion around AIRE-induced genes (Supplementary Tables 2 & 3). When analysing the 212 
enrichment of all highly reproducible peaks around tissue restricted antigens between mTEChi and 213 
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mTEClo, the only significant difference observed was that H3K9ac depletion was more marked in 214 
mTEClo than mTEChi (Supplementary Tables 4 & 5). Taken together, these results suggest that 215 
chromatin structure in mTEChi and mTEClo is broadly comparable. 216 
It is possible that this similarity may reflect basal chromatin architecture present in non-TEC tissues. 217 
To explore this hypothesis, we used ENCODE histone ChIP-seq data to assess the same chromatin 218 
marks present in our mTEChi dataset around AIRE regulated or AIRE-independent genes. AIRE-219 
dependent and AIRE-enhanced genes showed high levels of repressive chromatin marks and low 220 
levels of active chromatin marks in non-TEC tissues (Supplementary Figure 4). We hypothesised that 221 
this pattern may be driven by the level of gene expression in individual tissues. In order to 222 
investigate this, for each tissue we divided tissue specific genes into those maximally detected in 223 
that tissue and maximally detected in other tissues. This showed that individual tissue specific genes 224 
were characterised by high levels of active chromatin marks and low levels of repressive chromatin 225 
marks in tissues with high expression of those genes (Supplementary Figure 5). This suggests that 226 
the pattern of chromatin seen around AIRE responsive genes is present in multiple non-TEC tissues 227 
and is modulated by the tissue specific level of expression. 228 
 229 
[Figure 3 around here] 230 
 231 
We hypothesised that similarities in individual chromatin marks around TSS between mTEClo and 232 
mTEChi might persist when projected into higher dimensional space (Figure 4a-d; Supplementary 233 
Figures 6 & 7). A clear distribution was present in either mTEClo or mTEChi that separated genes into 234 
those with high levels of repressive marks, preferentially regulated by AIRE, and those with high 235 
levels of activation marks that tended to be AIRE-independent. Given that AIRE-induced genes tend 236 
to be more lowly expressed than AIRE-independent genes, it was possible that this distribution could 237 
reflect underlying differences in the magnitude of gene expression. Indeed, proportional expression 238 
of genes in single mTEChi followed the same distribution as AIRE regulatory status (Figure 4e; 239 
Supplementary Figure 7; Spearman rho for PC1 vs. mTEChi proportional expression: rho = -0.81, p < 240 
0.0001). Similar effects were seen for the magnitude of tissue specificity (Figure 4f; Spearman rho 241 
for PC1 vs. tissue specificity tau: rho = 0.73, p < 0.0001). Overall, this suggests that AIRE-dependent 242 
and AIRE-enhanced genes have a similar chromatin pattern in mTEChi and mTEClo. 243 
 244 
[Figure 4 around here] 245 
 246 
Machine learning predicts AIRE responsiveness of genes from TSS chromatin contexts 247 
The clear distribution of AIRE responsiveness in higher dimensional space encouraged us to assess 248 
whether machine learning methods could predict AIRE-induced or AIRE-independent status for 249 
genes based on the chromatin landscape surrounding genes’ TSS. Neural networks were able to 250 
classify genes as AIRE-independent or AIRE-induced more accurately than expected by chance (mean 251 
accuracy: 85.3%; null accuracy: 69.9%; p < 0.0001; Supplementary Figure 8a). This remained 252 
accurate when the analysis was limited to high confidence TRAs (tau ≥ 0.8) (mean accuracy: 65.0%; 253 
null accuracy: 50.1%; p < 0.0001; Supplementary Figure 8b) or additionally to TRAs closely matched 254 
by proportional expression in single mTEChi (mean accuracy: 62.0%; null accuracy: 50.0%; p < 0.0001; 255 
Supplementary Figure 8c) (31). In the neural networks trained on all genes, chromatin accessibility, 256 
H3K27me3 and H3K4ac marks were associated with AIRE regulated genes whereas H3K4me3 and 257 
H3K9me3 modifications were associated with AIRE independence (p < 0.05; Figure 5a; 258 
Supplementary Figure 9a). When restricting the neural network analysis to only genes with tissue 259 
specific expression (tau ≥ 0.8), we found that only H3K27me3 and H3K4ac were associated with AIRE 260 
induced genes whereas H3K4me3 was associated with AIRE independent genes (p < 0.05; Figure 5b; 261 
Supplementary Figure 9b). 262 
Limiting the neural network input to chromatin modifications available in both mTEChi and mTEClo, 263 
we found that the accuracy of the model was better than by chance in either mTEC subtype (mean 264 
In vi
w
8 
 
accuracy / null accuracy: all genes - mTEChi 85.2% / 69.9%, mTEClo 84.1% / 69.8%; tau ≥ 0.8 - mTEChi 265 
64.9% / 50.2%, mTEClo 62.8% / 50.0%; all p < 0.0001; Supplementary Figure 10). However, the 266 
accuracy of models derived from the chromatin architecture of mTEChi consistently outperformed 267 
those derived from mTEClo (p < 0.0001; Figure 5c & d). This increased accuracy from neural network 268 
modelling was associated with more consistent weighting given to specific chromatin modifications 269 
in mTEChi than mTEClo, which may reflect a more consistent chromatin signature of AIRE 270 
responsiveness in mTEChi than mTEClo (Supplementary Figure 11). 271 
 272 
[Figure 5 around here] 273 
 274 
Chromatin marks around AIRE binding sites 275 
Despite the chromatin architecture around TSS being similar in mTEClo and mTEChi, it is possible that 276 
differences in chromatin marks at AIRE binding sites may underlie differential TRA expression in 277 
mTEClo and mTEChi (33). We found that AIRE binding sites were enriched for promoter and enhancer 278 
associated chromatin modifications and depleted in repressive chromatin marks relative to the 279 
remaining mappable genome (Supplementary Figure 12; Supplementary Table 6). Interestingly, 280 
there was no difference in the magnitude of this enrichment or depletion between mTEClo and 281 
mTEChi (p > 0.05), suggesting that differences in chromatin architecture at AIRE binding sites are 282 
unlikely to be the cause of transcriptomic differences between mTEC subtypes. 283 
 284 
Predicting transcription factor binding from enhancer chromatin modifications in TEC 285 
Beyond AIRE, the binding of transcription factors may shape specific differences between mTEClo and 286 
mTEChi. We therefore assessed the enrichment of transcription factor binding motifs curated from 287 
JASPAR, the open access data base of non-redundant transcription factor binding sites, to assess the 288 
enrichment of motifs within peaks containing enhancer chromatin modifications differentially 289 
identified between TEC subtypes (Supplementary Figures 13 & 14). By intersecting enriched motifs 290 
between different enhancer marks and overlaying this motif enrichment on transcriptomic data, we 291 
found candidate transcription factors with motifs that were differentially enriched within enhancers 292 
and differentially expressed between relevant TEC subtypes (FDR < 0.05; Figure 6; Supplementary 293 
Table 7). We identified candidate transcription factors particularly likely to be important for the 294 
differentiation or function of specific TEC subtypes by highlighting motifs expressed at FPKM > 10 295 
and with a fold change > 5 between TEC subtypes. This approach identified: Klf5, Spib and Zbtb7c in 296 
mTEClo > cTEC, Egr3 in mTEClo > mTEChi, and Cdx1, Runx3, Tbx21 and Tcf7 in mTEChi > mTEClo. 297 
 298 
[Figure 6 around here] 299 
 300 
Gene ontology analysis of chromatin marks 301 
Even without large-scale alterations in chromatin patterns, it is likely that differences in chromatin 302 
marks between TEC subtypes may be enriched near genes involved with particular biological and 303 
molecular processes. An overlap analysis using each of the available chromatin marks in cTEC, 304 
mTEClo and mTEChi revealed enrichment in multiple different biological pathways (Supplementary 305 
Figure 15). As above, we identified chromatin marks with significantly higher ChIP-seq signal in 306 
specific TEC subsets. Based on our motif analysis, one molecular pathway of particular interest in 307 
mTEClo chromatin modifications was the enrichment of H3K4me1 and H3K27ac peaks within sets of 308 
genes known to be upregulated by epithelial growth factor (EGF) (H3K4me1 1.9-fold, q < 10-7; 309 
H3K27ac 3.03-fold, q < 10-11). Enhancer marks specifically present in mTEChi were enriched for a 310 
multitude of mouse phenotypes associated with abnormal lymphocyte development and function 311 
(e.g. abnormal CD4+ T-cell physiology: H3K4me1 2.0-fold, q < 10-8; H3K9ac 2.2-fold, q < 10-12) as well 312 
as gene pathways upregulated in response to ionising radiation (H3K4me1 2.05-fold, q < 10-6; 313 
H3K9ac 2.3-fold, q < 10-9). H3K27me3 peaks in mTEClo, but notably not in mTEChi, were enriched for 314 
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known targets of the Polycomb Repressive Complex 2 (mTEClo: 2.8-fold, q < 10-17; no overlapping 315 
genes in mTEChi). 316 
 317 
  318 
In revi
ew
10 
 
Discussion 319 
We have identified differences in chromatin architecture between AIRE-regulated and AIRE-320 
independent genes. Dimensionality reduction of the observed histone modifications revealed a clear 321 
separation of genes by AIRE regulatory status in mTEC. This distribution was also associated with 322 
tissue specificity and proportional expression in mTEChi. Machine learning through neural network 323 
analysis was able to predict the AIRE status of genes from multidimensional measures of chromatin 324 
architecture in both mTEClo and mTEChi, although with significantly higher accuracy in mature over 325 
immature mTEC. Together these findings suggested that the chromatin architecture is broadly 326 
similar between mTEClo and mTEChi but is further refined through the course of mTEC differentiation 327 
with a more marked reduction in most active chromatin marks around AIRE-induced genes in mTEChi 328 
than in mTEClo. Moreover, an analysis of chromatin modifications was also able to identify potential 329 
novel master transcription factors of TEC development and functional pathways in which chromatin 330 
modifications specific to TEC subtypes were significantly enriched. 331 
Our data suggest that much of the chromatin landscape surrounding tissue specific genes is already 332 
present in mTEClo prior to mTEChi differentiation. Previous studies only examined histone 333 
modifications in mTEChi. Consequently, the chromatin landscape prior to this point in TEC 334 
differentiation was previously unknown (3,33). However, supportive evidence that this might be 335 
expected to be the case was provided by the observation, which we have expanded upon in this 336 
study, that the chromatin patterns around AIRE-induced genes in mouse ENCODE ChIP-seq data 337 
derived from non-TEC cell types are similar to those observed in mTEChi (3). This suggests that AIRE is 338 
not required to establish the chromatin architecture of tissue specific antigens but instead acts 339 
dynamically to ensure appropriate levels of histone modifications, as suggested by a previous 340 
chromatin in vivo assay (8). Our machine learning approaches support the fact that AIRE status can 341 
be predicted from chromatin signatures in both mTEClo and mTEChi. One important caveat to these 342 
findings is that a small proportion of mTEClo cells are actually terminally differentiated post-AIRE 343 
mTEC (34). Although this could dilute the magnitude of any differential signal between mTEClo and 344 
mTEChi, the relatively small size of this population of post-AIRE cells is unlikely to have a major 345 
impact on our analysis. In other systems, reshaping of the chromatin architecture occurs after 346 
alterations in transcription and it is possible that chromatin patterning in mTEChi is determined by 347 
transcription rather than transcription being determined by chromatin marks (35). Knock-out of 348 
determinants of epigenomic remodelling will be required to resolve this issue.  349 
The key transcription factor motifs identified in enhancer elements within specific TEC subsets 350 
highlighted potential master regulators of TEC development and function, each of which was 351 
robustly expressed (FPKM > 10) in TEC. Klf5, Runx3, Spib and Zbtb7c are known to regulate 352 
thymocyte development but have not been studied in TEC (36–38). Egr3 is involved in  T-cell 353 
development (39). Tbx21 and Tcf7 have previously been implicated in the expression of AIRE in 354 
mTEC (40). Of particular interest are the transcription factors that differ between cTEC and mTEClo 355 
both in enhancer availability and transcript expression (Klf5, Spib and Zbtb7c), as these may be 356 
instrumental in driving the bifurcation between cTEC and mTEC fate from the early, bipotent 357 
progenitor stage onwards (41). Further work should focus on the functional effects of these 358 
transcription factors on TEC progenitors. 359 
Our gene ontology analysis (Supplementary Figure 15) of multiple different chromatin marks 360 
identified pathways involved in immune system function. Our finding that there was additionally 361 
enrichment of pathways involved in the response to ionising radiation in mTEChi  was interesting 362 
because AIRE is thought to cause DNA double-strand breaks as part of its dynamic remodelling of 363 
chromatin (42). It was also noteworthy that H3K27me3 peaks in mTEClo were enriched for genes 364 
known to be conventional targets of the Polycomb Repressive Complex 2 but this was not the case in 365 
mTEChi. This suggests that dynamic remodelling of repressive chromatin marks may differ over the 366 
course of mTEC maturation. 367 
An important limitation of the approaches currently applied to study the chromatin architecture of 368 
TEC is that requirements for large cell numbers mean that histone modifications represent a 369 
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population average as these can only practically be surveyed on pooled cells. Studies in which mTEChi 370 
have been purified for cells expressing specific tissue specific genes revealed that their chromatin 371 
accessibility  and that of co-expressed genes were substantially higher relative to other loci (9). 372 
Given the stochastic expression of genes in individual mTEChi, this observation suggests that 373 
population level measures of chromatin modifications are unlikely to capture the state of individual 374 
cells (3,9,10). The future application of single cell techniques that permit the parallel measurement 375 
of the transcriptome and chromatin accessibility will help to clarify the chromatin landscape in 376 
individual mTEC and correlate their state to the expression of particular tissue specific genes (43). 377 
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Tables 504 
Supplementary Table 1 Experimental design. * = samples generated as part of a previous study (3). 505 
Supplementary Table 2 Enrichment of histone ChIP-seq peaks differentially detected in mTEClo or 506 
mTEChi within AIRE-enhanced and AIRE-independent genes. GAT was used to test enrichment of 507 
histone ChIP-seq peaks with differential signal in mTEClo or mTEChi within AIRE independent (blue) 508 
and AIRE induced (red) genes +/- 5kb. 509 
Supplementary Table 3 Enrichment of histone ChIP-seq peaks differentially detected in mTEClo or 510 
mTEChi within AIRE-enhanced and AIRE-independent TRAs. GAT was used to test enrichment of 511 
histone ChIP-seq peaks with differential signal in mTEClo or mTEChi within AIRE independent (blue) 512 
and AIRE induced (red) TRAs +/- 5kb. 513 
Supplementary Table 4 Enrichment of histone ChIP-seq peaks detected in mTEClo or mTEChi (IDR < 514 
0.01) within AIRE-enhanced and AIRE-independent genes. GAT was used to test enrichment of 515 
histone ChIP-seq peaks within AIRE independent (blue) and AIRE induced (red) genes +/- 5kb. 516 
Supplementary Table 5 Enrichment of histone ChIP-seq peaks detected in mTEClo or mTEChi (IDR < 517 
0.01) within AIRE-enhanced and AIRE-independent TRAs. GAT was used to test enrichment of 518 
histone ChIP-seq peaks within AIRE independent (blue) and AIRE induced (red) TRAs +/- 5kb. 519 
Supplementary Table 6 Enrichment of histone ChIP-seq peaks within AIRE ChIP-seq peaks.  520 
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Figures 521 
Figure 1 Histone ChIP-seq samples segregate primarily by chromatin mark. (a) Correlation heatmap 522 
of histone ChIP-seq samples. (b)  Principal component analysis plot of histone ChIP-seq samples. The 523 
legend shows the colour both for TEC subtype (for a) and chromatin mark (for a & b) 524 
Figure 2 Chromatin landscape around the TSS of AIRE-induced and AIRE-independent genes in 525 
mTEChi. Median ChIP/input signal scaled for library size is shown for each category of AIRE 526 
responsiveness (red = AIRE dependent; green = AIRE enhanced; blue = AIRE independent TRAs; 527 
purple = all other genes). 528 
Figure 3 Chromatin landscape around the TSS of AIRE-induced and AIRE-independent genes in 529 
mTEClo. Median ChIP/input signal scaled for library size is shown for each category of AIRE 530 
responsiveness (red = AIRE dependent; green = AIRE enhanced; blue = AIRE independent TRAs; 531 
purple = all other genes). 532 
Figure 4 Principal component analysis (PCA) of chromatin signatures in mTEClo and mTEChi. PCA 533 
plot of maximum signal within 1kb of the TSS of individual genes (red = AIRE dependent; green = 534 
AIRE enhanced; blue = AIRE independent TRAs; gray = all other genes; (a) mTEClo and (c) mTEChi). 535 
PCA rotations of individual chromatin marks for (b) mTEClo and (d) mTEChi. PCA heatmaps of genes 536 
shaded by the (e) proportion of single mTEChi expressing ≥ one molecule and (f) tau tissue specificity 537 
index. 538 
Figure 5 Comparison of models to classify genes by AIRE status. Olden weightings of mTEChi 539 
chromatin accessibility and histone modifications within 100 neural networks for (a) all genes and 540 
(b) tissue restricted genes (tau ≥ 0.8). Accuracy (%) of neural network models generated for histone 541 
marks in common between mTEClo (red) and mTEChi (green) for (c) all genes and (d) tissue restricted 542 
genes (tau ≥ 0.8).  543 
Figure 6 Heatmaps of RNA-seq data from TEC subtypes for significantly enriched transcription 544 
factor motifs within enhancer elements. Transcription factor motifs differentially expressed 545 
between the TEC subtypes shown are indicated by the red bars. Transcription factors expressed at 546 
FPKM > 10 and with a fold change > 5 are indicated by text to the left of the heatmap. Expression 547 
values are log2 transformed and scaled by gene.  548 
Supplementary Figure 1 Enrichment of differential histone ChIP-seq peaks within genes of 549 
different AIRE status. GAT was used to test enrichment of histone ChIP-seq peaks with differential 550 
signal in mTEClo or mTEChi within AIRE independent (blue) and AIRE induced (red) genes +/- 5kb. 551 
Error bars indicate 95% confidence intervals from 10,000 permutations. Enrichment is relative to all 552 
genes (top) or tissue specific genes (tau ≥ 0.8).  553 
Supplementary Figure 2 Enrichment of mTEClo histone ChIP-seq peaks (IDR < 0.01) within genes of 554 
different AIRE status. GAT was used to test enrichment of histone ChIP-seq peaks (IDR < 0.01) in 555 
mTEClo within AIRE independent (blue) and AIRE induced (red) genes +/- 5kb. Error bars indicate 95% 556 
confidence intervals from 10,000 permutations. Enrichment is relative to all genes (top) or tissue 557 
specific genes (tau ≥ 0.8).  558 
Supplementary Figure 3 Enrichment of mTEChi histone ChIP-seq peaks (IDR < 0.01) within genes of 559 
different AIRE status. GAT was used to test enrichment of histone ChIP-seq peaks (IDR < 0.01) in 560 
mTEChi within AIRE independent (blue) and AIRE induced (red) genes +/- 5kb. Error bars indicate 95% 561 
confidence intervals from 10,000 permutations. Enrichment is relative to all genes (top) or tissue 562 
specific genes (tau ≥ 0.8).  563 
Supplementary Figure 4 Chromatin signals in ENCODE tissues. Boxplots show log2 ChIP/input ratio 564 
scaled by library size within 1kb of the TSS of genes that are AIRE-dependent, AIRE-enhanced, AIRE-565 
independent TRAs or all other genes. Kruskal-Wallis p < 0.0001 for all tissues. 566 
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Supplementary Figure 5 Chromatin signals in ENCODE tissues near tissue specific genes. Boxplots 567 
show log2 ChIP/input ratio scaled by library size within 1kb of the TSS of genes with tissue specificity 568 
tau ≥ 0.8. Genes are divided into AIRE-induced and AIRE-independent, and additionally for each 569 
tissue into genes maximally expressed in each tissue or not maximally expressed in that tissue. 570 
Kruskal-Wallis p < 0.05 for all tissues. 571 
Supplementary Figure 6 Heatmaps of chromatin signals in mTEClo. ATAC-seq signal is expressed as 572 
log2 CPM+1. ChIP-seq signal is expressed as log2 ChIP/input ratio scaled by library size. The bottom 573 
panel shows tau tissue specificity index.  574 
Supplementary Figure 7 Heatmaps of chromatin signals in mTEChi. ATAC-seq signal is expressed as 575 
log2 CPM+1. ChIP-seq signal is expressed as log2 ChIP/input ratio scaled by library size.  576 
Supplementary Figure 8 Plots of accuracy of neural networks compared with null accuracy. (a) All 577 
genes, (b) tissue restricted genes (tissue specificity tau ≥ 0.8) and (c) tissue restricted genes (tissue 578 
specificity tau ≥ 0.8) closely matched on proportional expression in single mTEChi. The null accuracy 579 
was estimated by randomly sampling the true gene categories for each 100 neural networks.  580 
Supplementary Figure 9 Optimum neural networks for AIRE categorisation. Plots of the neural 581 
networks are shown for the network with the best accuracy for (a) all genes and (b) tissue restricted 582 
genes (tau ≥ 0.8).  583 
Supplementary Figure 10 Accuracy of neural networks for predicting AIRE status of genes.  584 
Supplementary Figure 11 Olden weighting of chromatin accessibility and histone modifications in 585 
neural networks for predicting AIRE status of genes.  586 
Supplementary Figure 12 Enrichment of chromatin modifications within AIRE binding sites. GAT 587 
was used to test enrichment of histone ChIP-seq peaks (IDR < 0.01) in mTEClo (red) and mTEChi 588 
(green) within AIRE ChIP-seq peaks (IDR < 0.01) relative to the rest of the mappable genome. Error 589 
bars indicate 95% confidence intervals from 10,000 permutations.  590 
Supplementary Figure 13 Significantly enriched JASPAR motifs in cTEC (blue) or mTEClo (red) for 591 
H3K4me1 (top) or H3K27ac (bottom). The top 20 significant motifs (FDR < 0.05) are shown ordered 592 
by enrichment.  593 
Supplementary Figure 14 Significantly enriched JASPAR motifs in mTEClo (red) or mTEChi (green) for 594 
H3K4me1 (top) or H3K9ac (bottom). The top 20 significant motifs (FDR < 0.05) are shown ordered 595 
by enrichment.  596 
Supplementary Figure 15 (left) Gene ontology enrichment from GREAT on differential peaks in 597 
cTEC (blue) or mTEClo (red); (right) Gene ontology enrichment from GREAT on differential peaks in 598 
mTEClo (red) or mTEChi (green). The top 20 significant terms (FDR < 0.05) ranked by fold enrichment 599 
are shown. Only categories with greater than 50 and fewer than 1,000 genes are shown. 600 
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